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Abstract: This paper proposes a simplified GIS-based procedure which aims to preliminary assess
areas exposed to debris flows by evaluating erosion and deposition area into channels and along
alluvial fans. The methodology is based on the definition of several morphometric parameters
on Digital Elevation Models (DEMs); it is independent from landslide volume and its rheological
characteristics. By solving a set of parametric equations and excluding, from time to time, the unlikely
areas by means of an analysis process that uses on/off-raster masks, potential erosion and deposition
areas can be identified. The procedure was applied at six intra-mountain basins upstream of the
village of Paupisi, Southern Italy, which was involved in multiple debris flow events in October 2015.
The model estimated that a range between 15-21% of the selected basin drainage channels may be
identified as erosion areas. Moreover, comparison of the recent debris flow paths with model outputs
shows a good performance of the procedure, which was able to predict about 46% of the total actual
propagation and invasion areas and about 62% of the distribution deposit areas. The methodology
can be considered a useful screening for the identification of debris flow-susceptible channels, suitable
for use in preliminary hazard evaluations.

Keywords: debris flow; geomorphological analysis; morphometric parameter; GIS; Southern Italy

1. Introduction

Debris flows are surging flows of water and saturated debris occurring in the steep channels
of mountain environments [1]. They are characterized by high destructive capacity due to both
high velocity and the absence of clear premonitory signs [2], differing from slow-moving landslides,
whose precursors are linked with progressive ante-event ground deformations often controlled by the
geological-structural setting of the slope [3].

For this reason, hazards related to debris flows are a major concern for urban settlements and
human activities on mountain environments and alluvial fans, due to their mutual interaction [4-6].
This interaction may produce severe damage to infrastructure [7] and, often, loss of life [8]. Moreover,
alluvial fans are commonly used for agricultural purposes and represent sites for development and
expansion near the riverbed, inducing high risk conditions.

Therefore, for correct land use planning and management, debris flow hazard and risk evaluation
on fan areas requires the preliminary identification of drainage channels that periodically feed, with
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different magnitude, the fans themselves in relation to the features of the triggering rainstorm event
and available material.

Based on the above considerations, the severity of debris flow effects, associated with the frequency
of their occurrence, has favoured in recent years the development of methodologies for identification
of catchments and related fans prone to debris flows, as well as models for debris flow propagation
assessment. Considerable efforts have been made in the study of the dynamics of debris flows [9-11],
in particular focusing on triggering mechanisms and depositional processes [12-14].

Recently, the use of high-resolution Digital Elevation Models (DEMs) of the terrain has enabled
new perspectives for a more accurate modelling of debris flow dynamics [15-17], which can be
supported by real-time interactive analysis [18]. Especially for GIS-based (Geographic Information
Sistems) empirical or semi-empirical models, the use of high-resolution DEM allows more accurate
calibration and, therefore, better prediction performance of these models [19].

Several studies have focused on debris flow modelling by means of GIS [20-23]. For example,
a two-dimensional model of mud and debris flow dynamics has been developed and implemented
using the GIS scripting language PCRaster [24]; Mergili et al. [25] proposed an open-source GIS tool for
propagation modelling of flow-like landslides which uses constrained random walks for routing mass
movements through a digital elevation model until defined break criterions are reached. Simplified
GIS-based models for estimation of the spatial distribution of potential erosion and deposition areas
on a regional scale have been also developed [26-29]. In particular, Cavalli et al. [30] have proposed a
simple procedure to identify debris-flow prone channel and alluvial fan priority at the regional scale,
based on the analysis of defined morphometric parameters derived from DEMs.

The increasing diffusion of geomorphological and analytical-numerical models, implemented
in GIS, has arisen from the advantage of (i) allowing the analysis, reconstruction and prediction of
different landslide scenarios and (ii) directly mapping landslide hazards. However, not all models
have the same useful characteristics or are user-friendly and the choice of the most suitable model to
be used is often crucial. Moreover, limitations related to the modelling of natural events are manifold.
Such limitations also depend on (i) possible errors connected to material features, which would affect
the correct replication of the investigated phenomenon and (ii) resolution of DEM and quality of input
data, which could lead to overestimation or underestimation of deposition areas [19].

Based on the above considerations, the paper aims at presenting a quick and easy procedure
for preliminary analysis of debris flow dynamics, based on the definition of several morphometric
parameters on DEMs. The procedure will allow evaluation of erosion and deposition areas in
channels and related fans responsible for progressive fan accretion. The methodology proposed can be
considered a useful screening for the identification of debris flow-susceptible channels, suitable for use
in preliminary evaluations coupled with morphological and lithological investigations.

2. Materials and Methods

2.1. Case Study

The study area is located upslope of the municipality of Paupisi, in the northern sector
of the Campania region (Southern Italy) (Figure 1). It encompasses the northern slope of the
Taburno-Camposauro Massif, up to the flood plain of the Calore River to the north.

Several catchments prone to debris flows were selected for this study (Figure 2). The geology is
characterized by the presence of a Mesozoic calcareous and dolomitic ridge, on which the town of
Paupisi is partially built. Limestone slopes are covered by fossil talus deposits and soil alteration,
interbedded with paleosols and pyroclastic materials deposited by eruptions of the Somma-Vesuvius.
Within the soil mantle and especially in channels, limestone blocks are embedded. The thickness of the
cover material range is up 2 m along the slope, while it is almost absent along the watershed. During
the night between 14th and 15th October 2015, the area of Paupisi was struck by numerous debris
flows triggered by an intense rainfall event [31]. A total rainfall amount of 415.6 mm was recorded in
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few hours, characterized by a maximum intensity of 27.4 mm/10 min [32]. In this area the average
annual precipitation is about 1000-1300 mm [33].

Figure 1. Geographic location of the study area.
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Figure 2. Catchments (red-black boundary) and related fans (blue-black boundary) selected for this
study and identified by progressive numbering. The red star indicates the position of the sampling site
and reconstruction of a representative stratigraphic log of fans.

Satellite and aerial images were used to preliminarily map landslide paths that occurred on
14-15 October 2015 (Figure 2). In particular, Google Earth ®images, taken on 4 November 2015 and
EROS-B satellite images, taken on 19 October 2015, were compared to obtain the overall fan area
affected by both propagation and deposition. Additionally, subsequent field campaigns were carried
out to define the limits of the propagation area and define erosion action due to water flow propagation
(liquid fraction) on the finer granular fraction of the cultivated fan surface.
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2.2. Catchment and Fan Morphometric Features

The DEM is the basic geometric model used for the development of the procedure. It was obtained
from a 2 X 2 m cell size from vector numerical cartography by using the Topo to Raster interpolation
method, specifically designed for the creation of hydrologically correct DEMs. Subsequently, it was
resampled by the bilinear interpolation method to a 10 X 10 m planimetric resolution (vertical root
mean squared error, RMSE, from 0.21 m to 0.38 m). As highlighted by the Horton et al. [19], this
DEM resolution permits a satisfactory compromise between the detail required for the analysis of the
hydrographic network and the surface of the study area, in term of roughness attenuation (it increases
with lower resolution) and identification of the hydrographic order of channels (it increases with
higher resolution) (Figure 3a). In the proposed procedure, slope angle plays a key role in detecting the
hydrological pattern, as well as the erosional and depositional areas. In fact, the slope angle frequency
distribution shows a multimodal shape in relation to the different sectors of the study area, as follows:
1) alluvial plain (0-5°), 2) fan area (5-22°) with a max frequency of 13° and 3°) slope area (>22°), with a
max frequency ranging from 33-35° (Figure 3b). Such a distribution highlights that error resulting
from resampling increases with slope angles. However, by considering a cell resolution of 10 m, the
absolute error is very small on a flat area and is within 2° for a slope angle of up to 40°; for slope angles
over 40°, a high non-linear increasing of the error occurs.
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Figure 3. (a) Resampling from a 2 X 2 m to a 10 x 10 m cell size DEM: the main hydrographic network
(blue arrows) is preserved and the road scarp (black arrows) is smoothed. (b) Slope angle frequency
distribution and absolute error distribution from resampling.
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The input data of the proposed procedure are: (1) the DEM-derived maps, which are the Slope
map, computed as a gradient of the DEM surface and the Curvature map, computed as a gradient of
the slope surface (Figure 4) and (2) the morphometric parameters of the selected basin-fan systems
(Tables 1-3). The DEM-derived maps and the morphometric parameters were extracted using GIS
geomantic techniques.

The procedure for river basin extraction applied to the study area led to the identification of six
catchments and related fans exposing NNE (Figure 2). As shown in Table 1, the basins are located at an
average altitude of 766 m a.s.l. (height ranging between 294 and 1176 m a.s.l.) and show an average
difference in height of 780 m (difference ranging between 725 m and 822 m). The mean slope angle is
34.2° (data ranging from 31.9° to 35.5°).
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Figure 4. Raster maps of the six basins derived by DEM: (a) Slope; (b) Curvature.

Table 1. Morphometric parameters computed for the basins.

CATCHMENT 1 2 3 4 5 6
Area [mz] 281,945 338,058 741,880 189,398 335,058 270,032

Perimeter [m] 2967 3141 4260 2668 3253 2975
Length [m] 1310 1406 1510 1230 1434 1356
Max Altitude [m] 1120 1175 1177 1103 1153 1064
Min Altitude [m] 349 353 357 378 378 294
Average Altitude [m] 764 731 858 761 821 659
Height of relief [m] 771 822 819 725 775 770
Max Slope [degree] 75.1 67.0 73.6 63.5 6.9 63.4
Min Slope [degree] 0.9 1.6 0.1 0.7 0.6 0.6
Average Slope [degree] 35.3 35.5 34.1 345 31.9 33.6
Elevation Relief Ratio - 0.54 0.46 0.61 0.53 0.57 0.47
Form Factor 1.56 1.51 1.38 1.72 1.57 1.60

Drainage Intensity [1/km] 17.66 14.64 16.82 15.25 1591 15.09
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Table 2. Time of concentrations for the six catchments computed using several empirical relationships.
Ay, projected basin surface area (km?); Ls, length of the main stream (km); Hm, altitude at the closing
section (m a.s.l.); Hyjax, maximum altitude of the catchment (m a.s.l.); Hy, minimum altitude of
the catchment (m a.s.l.); M and d, numerical dimensionless constants depending on soil type and
permeability; for the present analysis we assumed M = 0.20 and d = 0.81; i, average slope gradient of
the of the main stream; i, average slope gradient of the catchment.

Empirical Relationships Catchment

Time of Concentration at the Closing Sections (Minutes)

1 2 3 4 5 6
T, = HaYAH1SLs 4 23.00 15.99 3139 22,66 20.86 22.40
¢ 0.8 VH,
Tc = 0.055% [35] 6.34 4.19 8.66 6.23 5.65 7.03
Tc = 3% [35] 22.63 15.90 28.83 23.35 21.22 24.83
_ Ls Ap ‘/;
T, = 0.396 xﬁ(JLsZ \/ﬁ) [35] 5.69 5.58 12.13 6.66 6.08 6.60
T, = 20U VAL (5 6.56 4.87 10.68 6.80 6.20 7.35
1
¢ = OB L [36] 628 428 811 635 5.83 698
(Hmax—Hwmin)
Tc = 0.1272 ‘/% [35] 5.61 442 9.97 5.98 5.45 6.31
Average values 10.87 15.99 31.39 22.66 20.86 22.40
Table 3. Morphometric parameters computed for the fans.
FAN 1 2 3 4 5 6
Area [m?] 381,956 665,369 1,010,130 250,121 355,342 369,726
Perimeter [m] 2822 3405 4206 3190 3329 2540
Max Altitude [m] 348 357 363 382 381 298
Min Altitude [m] 67 71 73 84 73 77
Average Altitude [m] 153 150 168 192 201 183
Height of relief [m] 280 285 291 298 308 221
Max Slope [degree] 55.43 60.27 65.03 43.59 67.38 66.93
Min Slope [degree] 0.02 0.01 0.01 0.26 0.18 0.18
Average Slope [degree] 12.95 12.16 12.52 11.75 13.82 16.22
Melton’s index (R) - 1.45 1.41 0.95 1.66 1.33 1.48
Curv. Plane Min - -50.25 —46.85 —44.58 -31.17 -65.34 —-70.53
Curv. Plane Max - 33.61 37.31 61.06 28.77 63.65 60.63
Curv. Plane Average - -0.03 0.00 0.04 -0.05 0.16 -0.10

Some morphometric parameters were obtained using known empirical laws. More specifically,
the hypsometric analysis permitted definition of the Elevation Relief Ratio, ERR, by using the
following equation:

ERR — Zmean — Lmin

Znax = Zimin (1)
where Z,ax, Zinean and Z,;, are the maximum, average and minimum altitude of the basin. This
parameter is tightly related to the morphometric erosional evolution of the catchment and reflects
the stages of youth, mature or old [37]. The basins analysed, although having a poorly stratified or
massive limestone and calcareous-conglomeratic bedrock, have a calculated ERR ranging between 0.46
and 0.61. The value of ERR shows that they are subject to a medium-high erosion activity and their
relief can be classified as ranging between youthful and mature [37].

In addition, the Horton’s relationship [38] was used to calculate the Form Factor:
Ap
- @)
LS

HSF =
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where A is the projected basin surface area and Lg is the length of the main stream. The Shape Factor
ranges between 3.0 and 5.2 and reveals that the basins have an elongated shape, which is an important
factor in terms of hydrological response because it influences the time of concentration at the closing
sections. Strictly connected to flow phenomena, the time of concentration is computed by using
different empirical laws validated in mountain areas (see Table 2). Therefore, the time of concentration,
Tt, computed at the closing sections shows an average range of 8-16 min in relation to the length of the
basin, rather than its surface (Table 2).
Finally, the Drainage Intensity, DI, was defined as [38]:

LD

Dl = —
Ap

®G)
where LD is the total length of the hydrographic streams and A; the drainage surface of the basin
described above. The high drainage density values reflect the low permeability of the outcropping
soils and the high erosive activity.

Alluvial fans (Figure 4, Table 3) are larger than the corresponding catchments and are located at
an average altitude of 174 m a.s.l. (height ranging between 68 and 382 m a.s.l.). The average slope
angle is 13.2° with values ranging from 11.7° to 16.2°. The fans consist mainly of limestone gravel in a
silty sandy matrix, deposited in the lower-middle Pleistocene. The heterogeneous nature of the fan
material will be carefully discussed in Section 2.4.

2.3. Synthetic Hydrographic Network and Catchment-Fan System

Starting from the basic information provided by the digital topography, it was possible to map
key parameters of the hydrological processes connected to slope morphometry [39].

The DEM obtained was first corrected for local height anomalies [40]; subsequently, it was
possible to define the flow directions according to the path identified by the topographic gradient.
The topographic connection of each raster cell allowed creation of a raster of the flow direction using
the D8 model [41], which assigns to each cell one of the eight likely flow directions according to the
maximum slope direction (E, N, W, S, NE, NW, SW, SE).

The raster of accumulated flows [40-44] represents, for each cell, the cumulative weight of the
overhanging area. Cells have a value equal to 1 at the watershed; the cell at the closing section (outflow)
is equal to the sum of all the cells of the whole catchment. The definition of a threshold value (Threshold
Area) allows filtering of the grid of the drained area by discriminating the cells with values below the
threshold (slope cells) from those with higher values (hydrographic network cells).

A value equal to 40,000 m? was given for this specific area, allowing us to obtain a drainage
network that is congruent with the size of the single basin (less than 10,000 m?). In this way, the
hydrographic network that is defined is comparable with the national official hydrographic network.
A univocal value equal to 1 was assigned to the cells with a Flow Accumulation value greater than the
threshold value, which were considered as cells of the hydrographic network; a value equal to 0 was
assigned to the remaining slope cells. Once the closing section for each basin below the last tributary
river segment is identified, it is possible to calculate the extent of the contributing basin by using GIS
analysis, which identifies basins and fans as singular independent hydrogeological entities.

Deposition areas were defined by qualitative interpretation of the typical morphological shapes of
fans. More specifically, limits of the alluvial fans were assumed to lie at the sudden variation of the
topographic gradient.

Definition of the geometrical boundary of the basin-fan systems gave rise to a cluster of polygons
used as a basis for the calculation of the morphometric and hydrographic variables by using different
GIS tools (Figure 5). These parameters represent important data to discriminate the type of deposit
that is predominant in fans [45].
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Figure 5. Flow chart of the hydrology tools.

2.4. Event Characteristics and Type of Sediment Transport

The main morphometric parameters of catchments and fans required for the identification of the
type of sediment transport process (stream flow, mixed, debris flow) were defined using an indirect
method [46,47]. This method defines the type of flow events expected for alluvial fans in relation to the
average fan slope and to the Melton’s roughness index, R. This index is defined by the ratio between
the difference in height of the highest point in the drainage basin with respect to the fan apex and the
square root, HR, of the catchment area, Ab [48]:

Hg
R= —= 4
VA @)

Knowledge of the prevailing sediment transport type allows information to be obtained on the
relative intensity of alluvial events that produce debris flows in small-scale mountain basins. This
approach, supported by geomorphic or sedimentologic evidence, was applied by Marchi et al. [46] on
fan systems in the Dolomites. Others [47,49] have used the same approach in several valleys of the
eastern Alps, confirming the morphometric observations with historical observations of high-intensity
events. In this way, it is possible to identify those fans mainly exposed to debris flows, which represent
the basins potentially more prone to intense alluvial events. The application of the morphometric
method proposed by Marchi et al. [46] and experimented with by several authors [50-53], made it
possible to highlight the correlation between the average slope of the fans and the Melton’s index
for the studied basins and the predisposition to generate debris flow events (Figure 6). Additionally,
following suggestions by Wilford et al. [54], the length of basins was found to be related to their
respective Melton’s index values (Figure 7), giving analogous results. In addition, the ratio between
source area and related fan area shows a common linear relationship which reveals that the fan area is
1.4 times greater that the source area (Figure 8). It should be noted that, in this area, elongation of the
foot of fans is generally controlled and prevented by erosion of the Calore River.
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With regards to the nature of the fan, field observations and surveys of stratigraphic sequence
outcroppings pointed out the repetition of deposits with different grain size distributions for all the
fans. In particular, coarse layers are almost always interbedded with silty-sandy deposits consisting of
volcanic-ash debris and ancient paleosoils. Analysis of fan materials was defined considering both the
phenomena which recently occurred and the sequences of progressive accretion, which contributed to
the alluvial fan build-up. As a representative of the whole fans, sampling was performed on a 4.00 m
in height cut slope into the fan n° 3 (see Figure 2 for location), where a typical depositional sequence
can be considered common to the other nearby fans (Figure 9). The stratigraphy of Figure 9 shows
that recurrent extreme flow events could be responsible for the coarse layers present at the top and
at the middle-bottom of the analysed sequence and mainly consist of calcareous debris and blocks
from bedrock. Other less coarse deposits, consisting of varying thicknesses of pyroclastic soils and
pyroclastic debris flows, were interbedded following the main eruptions of both the Somma-Vesuvius
and the Phlegrean Fields volcanoes that affected the region at about 10,500 and 3500 years B.P. [57]. In
addition, thin layers of colluvium and slow gravity sediment flow are also present, following relatively
quiet periods of deposition.

Digital Photo-analysis Size Analysis Sedimentation Analysis
Stony 100 I
debris flow “
N
“
Stony |
debris flow tail 3T 60 |
5}
c
i 40 I \ﬂ
~,
Pyroclastic 20 ” T
debris flow ”
oo W ue
19’ 10° 10 10° 10" 10? 10° 10"
Diameter (mm)

Slow gravity sediment flow =

Stony
debris flow

Slow gravity sediment flow | [*%

Stony
debris flow

Pyroclastic
debris flow ??

Figure 9. Typical grain size distribution of the fan sequence in the study area. Digital-photo analysis
for boulders and gravels of the near surface sample and stratigraphic log are also shown. Location of
the soil sequence is reported in Figure 2.

In order to define the specific geotechnical properties of the material forming the stratigraphic
sequence of Figure 9, soil samples were taken for each soil layer and tested. More specifically, 15 samples
of the exposed cut and 3 samples from a vertical pit excavation were collected. Index properties and
mechanical characterization of the coarser layers were carried out on a fraction less than 20 mm in size
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(Table 4). A procedure for the analysis of the grain size distribution of coarse gravels and boulders
was utilized for the more superficial layer (C15 sample), deposited before the event of 14-15 October
2015 (Figure 9). This procedure provided for digitalization on photos, by means of polygons of the
boundary for the larger particle size fraction (Figure 9). The photos were appropriately scaled by
means of a metric target. Polygons were converted into circles of equal area and then to equivalent
spheres. The diameter distribution of these equivalent spheres was related to a virtual percentage
passing by weight, considering for these soils a unit weight of s, of 24.5 KN/m3 was assumed as an
average value of gravel deposits sampled within the depositional sequence (Table 3). Comparison with
field surveys and all the laboratory tests indicates that the total grain-size distribution of this deposit
can be considered as representative of all deposits originating from stony debris flows, included the
event of 14-15 October 2015. The resulting grain-size distribution permitted evaluation of the average
value of the friction angle, which is representative of the material, ranging between 38° and 43°. This
range defines friction angles slightly greater than those found for sandy granular deposits in Table 4
and matches with the modal slope angle range of the slope surfaces (Figure 3).

Table 4. Soil profile and geotechnical parameters of the stratigraphic sequence in Figure 8. Particle
identification: GwS, gravel with sand; SWGS, silty sand with gravel; GwSS, silty gravel with sand; SIG,
low gravelly sand; SwG, sand with gravel; S, sand; SSA, clayey-sandy silt; GwSwS, gravel with silt
with sand; SwSGIC, low clayey and low gravelly silt with sand; GS, sandy gravel; SSIC, low clayey
sandy silt; SSL, silty sandy gravel.

Height/Depth Laver Unit Dry Unit Void Friction =~ Water Carbonate
Range from el Particle Weight Weight Ration Angle  Content Content
Sample Thickness e e
Ground Identification Ys Yd e 0] w CaCOs;
Level (cm) (cm) (kN/m%)  (kN/m®3) © © (%) (%)

C15 >400 - GwS 247 10.6 1.34 38.2 10.76 8.22
C14 340-400 60 SwGS 247 9.0 1.75 none 23.63 7.91
C13 295-340 45 GwSS 237 10.2 1.32 none 28.07 5.17
C12 260-295 35 SIG 249 10.0 1.50 none 28.14 0.09
C11 235-260 25 SwG 24.6 9.5 1.58 28.5 34.6 0.38
C10 190-235 45 SwG 24.6 17.4 0.41 none 12.01 2.14

9 178-190 12 S 232 9.1 0.98 30.1 52.88 0.06

C8 168-178 10 GwS 23.1 4.6 4.06 none 87.7 0.64

c7 160-168 8 SIG 22.0 8.6 1.55 none 58.28 0.80

(@) 148-160 12 SSA 241 10.8 1.23 none 35.8 6.50

C5 110-148 38 GS 24.0 11.3 1.13 none 9.53 36.45
C4 80-110 30 GwSwS 252 11.0 1.29 none 22.8 17.34
C3 50-80 30 GwSS 24.5 12.9 0.90 none 14.08 10.26
2 40-50 10 SwSGIC 253 10.5 1.40 none 36.30 10.26
C1 040 40 GS 25.1 13.3 0.88 34.2 12.01 55.98
BO -80 80 SSIC 234 8.1 1.88 none 50.62 3.23

B1 —-80-180 100 SSL 25.2 13.0 0.95 none 11.76 14.32
B2 —180-230 50 SSIC 243 9.3 1.62 none 51.56 1.88

2.5. Semi-Automatic Procedure for Debris Flow Dynamics

Debris flows tend to affect inter-mountain catchments rarely exceeding an area of 10 km? [58],
involving drainage system formed by narrow valleys and gullies. There are several factors that
influence sediment dynamics along the hydrographic network but one of the main roles is played by
the topographic setting of the slopes. According to several authors [59,60], topographic parameters
that combine the extent of the sediment source areas that can feed debris flows and the local slope angle
are able to identify, in the DEM of a basin, the possible initial points of channels of the hydrographic
network. In particular, the sediment source area and the local slope angle can be considered as main
parameters in debris flow triggering and their erosive capacity.

With regards to the proposed procedure, identification at the basin scale of likely erosion and
deposit areas of debris flows is based on the analysis of raster maps derived from the flow chart in
Figure 10. In particular, the definition of the trigger zones is defined through a GIS procedure based
on the spatial distribution of three parameters: the trigger ratio, TR; slope ratio, SR; and catchment
surface, A. Unlike SR and A, which can be obtained by normal GIS procedures, TR is calculated as the
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ratio between SR and ST, which is the slope threshold. ST (defined in terms of m/m) is given by the
following relationship [60]:
ST =k A2 (5)

where A is the catchment surface in km? and k is a coefficient influencing the model sensitivity [61,62].
It depends on rainfall and the shear strength of soil, plus the contribution given by the vegetation
root system [60]. This approach is based on the fact that, in the presence of sediment available to be
mobilized, debris flow development and propagation depends on (1) overcoming of the critical values
of water discharge and (2) slope angle of the channel.

DTM 10 m
| 1 1
S Catchment surface
e I Curvature of Plane
©) (km?)
1
Slope ratio
Slope ratio (-) thereshold
(m/m)
[
Trigger ratio (-)
1
Slope Trigger ratio Catchment surface
>38° 21 <10 km?
e
Predicted
6° < Slope < 15° TR=05 -0.3 < C.Plane < 0.1}— s
Deposition

Figure 10. Flow chart of the predictive procedure of trigger and deposit areas.

The analysis is implemented with a semi-automatic procedure within the Raster Calculator tool.
Following the equation proposed by Zimmermann et al. [61], the conversion of the A’s raster in square
kilometres was carried out. For the application of the procedure in the study area, different values
of k and therefore of ST were used. As reported by Wichmann et al. [62], the choice of k plays a key
role in the distribution of the erosion along the hydrographic network within the source areas. The
spatial recognition of likely triggering points is defined as the product of the binary mask values (e.g.,
1 = yes and 0 = no) obtained by combining the fields of existence in Table 5. The mask of the catchment
surface < 10 km? assigns a value equal to 1 to all pixels with an area less than 10 km? and a value equal
to 0 to pixels with areas greater than 10 km?. High values of the drained area are usually linked with
solid transport processes at the bed and suspended [58]. The slope mask < 38° gives a value of 1 to all
cells with a slope angle less than 38° and a value of 0 to cells with slope angle greater than this value.

Table 5. Raster masks for erosion prediction.

Switch on/off Raster Value Mask Value
Catchment surface <10 km?2 1
Catchment surface >10 km? 0

Slope <38° 1
Slope >38° 0
Trigger ratio, TR >1 1
Trigger ratio, TR <1 0
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For a local slope angle greater than 38°, which is a value close to the internal frictional angle of
debris materials often present in the source areas’ debris flows, the amount of debris material that
can be mobilized is considered modest or negligible. These areas are therefore excluded from the
likely triggering zones of debris flows [26]. The trigger ratio mask R > 1 assigns a value of 1 to cells
with slope angles greater than or equal to the slope threshold ST and a value of 0 to those that have
an R less than one. Areas prone to debris flow initiation are obtained through the product of the
mask values of the above fields of existence, which depend on the depositional characteristics of past
phenomena and on the specific features of the study area. Moreover, in order to take into account
the depositional attitude in relation to the surface convexity (positive values) or concavity (negative
values), the parameter curvature was used as a further discriminating factor for the identification of
the deposition areas. Conditions applied for sediment deposition are reported in Table 6.

Table 6. Raster masks for deposition prediction.

Switch on/off Raster Value Mask Value
Slope <15° 1
Slope >15° 0
Slope >6° 1
Slope <6° 0

Trigger ratio, TR <0.5 1
Trigger ratio, TR >0.5 0
Curvature plane <0.1 1
Curvature plane >0.1 0
Curvature plane >-0.3 1
Curvature plane <-0.3 0

In this study, susceptible deposit areas were identified on the base of slope angles ranging from 6
to 15°, as inferred by comparison with the 2015 events and with previous studies investigating
the relationship between slope angle and debris flow runout and deposition. In particular,
Prochaska et al. [63] identified the propagation phase on the fan area in reference to a slope angle ratio
equal to 0.88, which is computed between the debris flow’s runout angle and slope angle at the closing
sections. Therefore, assuming in these sites a minimum slope angle of 18° (Figure 2), it follows that
runout without deposition is always possible for slope angles higher than 15°. The slope angle range
for deposition prediction is selected in the procedure by using two different binary masks (Table 6). In
addition, several others binary masks are associated with a trigger ratio, TR, greater than 0.5, which
takes into account propagation without deposition. Finally, curvature values ranging from -0.3 to
—0.1 detect the poorly convex and concave depressions that are not associated with channel shape
conditions (curvature < -0.3).

3. Results

The procedure previously described permitted introduction of a semi-automatized
GIS-morphometrical model able to estimate erosion and deposition areas due to canalized water flow
that may develop into debris flow responsible for fan accretion.

With regards to the prediction of the debris flow initiation areas (Figure 11), defined as areas of
the channel bed subject to intense erosion, we used values of k (Equation (5)) equal to 0.20, 0.28, 0.32
and 0.36, selected after model sensitivity analysis, in order to evaluate the influence of this parameter
on model results. In reality, as shown in Figure 11, variation of k influences the extent of the involved
channel area and consequently the likely erosion area within the hydrographic network. Generally, a
decrease of k leads to an increase of the debris flow initiation areas towards upstream; moreover, a
non-linear persistence of the erosional phenomenon in the main channels occurs when k increases.
Therefore, an evident decrease (about 50%) of areas involved in channel bed erosion is observed for
k = 0.20 and k = 0.28; further decreases of these values have a minor influence on the distribution of the



Sustainability 2019, 11, 2382 14 of 20

erosion channel areas (Figure 11). In qualitative terms, from field observations and aerial and satellite
images, it seems reasonable that the debris flows of 14-15 October 2015 can be simulated with an
intermediate value of k. In this regard, it should be noted that an extensive dendritic pattern of erosion
crossing the hydrographic networks was not observed from areal and satellite images. Conversely,
tield surveys highlighted that the main channel showed several areas subjected to erosion that could be
successfully modelled by using k values between 0.28 and 0.32. This means that the model estimated a
range between 15-21% of the basin drainage channel, respectively, as erosion areas.

. 90.58%
76.04% 8517%
55.43%
20.96% )
' 12.83% 9.42%
k=0.20 k=0.28 k=0.32 k=0.36

Figure 11. Hydrographic network and erosion areas within the channels predicted by the model using
different values of k. Red columns are the percentage of the eroded hydrographic network simulated
by the model, blue columns are the relative complementary value to 100% of the channel length.

Deposition areas identified by the application of this procedure must be considered as areas
of potential accumulation of material transported downstream during high intensity storms. The
prediction of these areas is entirely based on morphometric factors and, therefore, is independent
from the characteristics of the flow event and the amount of debris mobilized. The distribution of the
deposition areas predicted by the procedure overlaps almost entirely the existing fans, assuming an
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apical arrangement and splitting from the basin closing sections (Figure 12). Coherently, deposition
areas within the catchment domain are not predicted in any cases. Deposit distribution on the fan
surface is discontinuous, highlighting material concentrations along flow directions constituted by
morphological depressions. Non-deposit areas are identified along banks of deepened channels and in
areas of specific convergence of slope surface steepness and convexity.
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...-...--
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Figure 12. Deposition areas on fans predicted by the model and compared with debris flow deposits of
the 2015 event. The relationship between the predicted area and k values are also shown.
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4. Discussion

In addition, as defined in Table 5, the trigger ratio (TR) is a relevant value in prediction that
increases fan depositional areas. In general terms, when TR increases (increasing the k value), a higher
number of cells pass under the 0.5 value, even though the predicted areas are always obtained by a
combination of these cells with others that are defined by the slope and curvature thresholds. This
latter aspect produces a non-linear relationship between the predictable areas of deposition and the
k values, as inferred from the graph of Figure 11. In addition, for the deposition areas, variation of
the k parameter does not increase the extension of the deposit itself but as k increases, a localized
growth of deposit area density occurs (higher point density within the same area unit). This effect
is more evident compared with the depositional area of the 2015 debris flow events mapped by the
field survey. In this case, due to the k increase, the depositional area increase intensifies the positive
prediction of cells, mainly into the already predicted areas. A comparison of the 2015 debris flow
deposition mapped by the field survey shows that about 62% of the deposit matches the model results
by using k = 0.32, without considering the channel area on the fan. Conversely, including the larger
invasion area detected by photo-interpretation, comparison with the model results gives the result
of 46% matching (Figure 12). Moreover, the model results on fans #3 and #4 show a concentration
of deposits strongly localized in a zone which is not aligned with the axis of the main channel and
with the fan geometry. This area experienced a larger invasion and deposition of the actual debris
flow event.

The preliminary GIS analysis permitted characterization in terms of type of evolution of the
basin-fan systems of the study area. First, the Melton’s index was used to classify the flow events
responsible for fan accretion. Analyses of fan stratigraphic sequences and materials from a cut slope
and an excavated pit confirmed the main event types of slope evolution, consisting of stony debris
flows and pyroclastic or mixed debris flow in relation to the regional volcanic activity. Second, the
Elevation Relief Ratio, ERR, highlighted medium-high erosion activity and catchments which can be
classified as ranging between youthful and mature. In addition, an average time concentration ranging
between 7 and 15 min can be assigned to the basin areas in relation to their extensions, rather than
their elongations.

Subsequently, the proposed procedure, mainly based on morphometric DEM-derived parameters,
was applied to estimate basin channel areas prone to erosion and fan areas prone to deposition as a
result of debris flow events. Both these areas were detected without considering the magnitude of the
triggering rainfall events, the material volume involved and its rheological characteristics.

The procedure allowed the definition of the hydrographic network for each selected basin and
the potential erosion and deposition area, in an automated way. For application at the study area, it
required the extraction of several key map parameters, such as the trigger ratio, TR and other specific
DEM-derived maps (e.g., Slope and Curvature). All these maps were switched-on and switched-off in
specific range values by binary raster masks. Particularly, it was possible to find that the values of the k
parameter controlled the TR’s influence on the extension/density of the erosion and deposit predicted
areas in the opposite way. By considering this influence, a parameterized analysis by changing the k
values was performed. It results in k assuming a non-linear relationship with the area detected both
for erosion and deposition and in particular:

kp = 0.5 (1 — kg) (6)

where kp and kg are the k values used in the depositional and erosion modelling, respectively.
Considering such a k-trend, it was possible to define that general modelling for prediction of
erosion of depositional areas can be carried about by using different values of k. Figure 13 shows
an overall view of the procedure applied at the study area, compared with the 2015 debris flow, by
using kp = 0.36 and kg = 0.28. Qualitative-quantitative comparison with the model output revealed
that a range of 15-21% of the depositional area is computed for the six-fan area. Moreover, in this
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predicted area falls about 46% of the invasion/depositional area of the 2015 debris flow event detected
by photo-interpretation and 62% of the depositional area detected by field investigation. Most of the
unpredicted areas were related to the head of the debris flow that had reached the alluvial plain of
the Calore River. This river exerts a control action on the distal limit of the fan due to the progressive
erosion of material that has reached the fan base. A marker of this morphological control is a border
escarpment that joins the fans with the river plain (Figure 13).

It should be noted that this procedure, similarly to other recently-proposed GIS-based
models [19,20,30], presents some limitations related to the empirical character of the morphometrical
and morphological criteria used. As a matter of the fact, despite one of the main advantages of the
procedure being its easy applicability and reproducibility due to the limited input data required from
DEM alone, it does not consider specific aspects related to debris flow triggering, such as features of
the storm event and material properties, such as rheological parameters. Moreover, debris volume
available or transported and debris flow velocity or energy are also not considered.

Legend

2015-Debris flow involved area
by photo-interpretation

- 2015-Debris flow deposition
area by field surveys

- Predicted fan deposition
area

Figure 13. 3D view of the predicted erosion and deposition area computed by using kg = 0.28 and
kp = 0.36 and comparison with the 2015 debris flow events.

5. Conclusions

A simplified GIS-based procedure for assessing areas exposed to debris flows is presented in
this study. The morphometric nature of the proposed GIS computational model means that it can be
considered as a quick and easy tool for preliminary estimation of potential erosion and deposition area
into channels and along alluvial fans. It should be noted that the model aims to estimate areas prone to
being eroded or deposited, rather than areas that will be involved in a probabilistic debris flow event.
Prediction of the latter requires complex multiparametric computational models, which should be based
on the physics of the phenomenon and also on the probabilistic analysis of the rainstorm triggering
event, of the thickness of the debris material into the channel and on its geotechnical behaviour
during the initial, propagation and deposition phases. However, although this proposed approach
can be affected by limitations in prediction, due to the empirical character of the morphometrical and
morphological criteria used as for others based on DEM data, it can be used to support the design of
susceptibility maps which are preparatory steps for hazard analysis in vast areas.
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For the study area, taking into consideration the non-exclusive predictive nature of the model, the
comparison of the model results with the actual erosion and deposition areas of the 2015 debris flow
showed a good performance of the procedure.

Finally, the identification of (i) key parameters controlling the evolution of the basin-fan systems,
(ii) the hydrographic network with respect to erosion and transport areas and (iii) the likely deposit
areas can play an important role in zones where information about likely future debris flow events are
not available.
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